INTRODUCTION
============

Kaposi's sarcoma-associated herpesvirus (KSHV) is a large double stranded DNA virus that has been identified as a causative agent of Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman's disease (MCD) ([@b25-molce-39-11-777]; [@b48-molce-39-11-777]; [@b59-molce-39-11-777]). Just like other herpesviruses, KSHV displays biphasic life cycles known as latency and lytic replication. In latency, very few genes are expressed without producing progeny virions ([@b12-molce-39-11-777]; [@b20-molce-39-11-777]; [@b35-molce-39-11-777]; [@b76-molce-39-11-777]). Under specific conditions, KSHV can undergo lytic replication, resulting in the expression of almost all of the viral genome and the production of new viral particles by the replication of viral genomic DNA. Remarkably, accumulated data indicates that regulation of host immune response is critical for maintaining these viral life cycles ([@b39-molce-39-11-777]). Thus, a large portion of the KSHV genome is devoted to immunomodulatory proteins that subvert the host immune system to ensure viral persistence ([@b40-molce-39-11-777]).

Upon viral infection, the innate immune response is immediately engaged by pattern recognition receptors (PRRs) sensing of conserved molecular features of pathogens, called pathogen-associated molecular patterns (PAMPs) ([@b8-molce-39-11-777]; [@b9-molce-39-11-777]; [@b29-molce-39-11-777]; [@b38-molce-39-11-777]). Currently, five types of PRRs are known: Toll-like receptors (TLRs), retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), absent in melanoma 2 (AIM2)-like receptors (ALRs), and cytosolic DNA-sensing receptors ([@b8-molce-39-11-777]; [@b9-molce-39-11-777]; [@b11-molce-39-11-777]; [@b29-molce-39-11-777]). These PRRs induce intracellular signaling cascades that upregulate expression of pro-inflammatory cytokines and type I IFNs, which ultimately amplifies innate immune signaling and coordinates adaptive immune response to clear pathogens ([@b51-molce-39-11-777]; [@b63-molce-39-11-777]). Hence, viruses directly modulate PRR activity to dramatically alter the efficacy of innate immune responses for their benefit.

Here, we present recent advances of how KSHV circumvents the surveillance network of PRR signaling pathways to avoid inducing the potent IFN and pro-inflammatory cytokines.

TLR SIGNALING PATHWAY
=====================

Among PRRs, TLRs were the first to be identified and are the best characterized. Structurally, TLRs consist of extracellular leucine-rich repeats (LRRs) domain for ligand recognition and a cytoplasmic Toll/interleukin-1 (IL-1) receptor homology (TIR) domain for the recruitment of adaptor molecules ([@b9-molce-39-11-777]). To date, 13 TLRs have been identified. TLR ligand recognition is mediated by their localization to different subcellular compartments. One group of TLRs (TLRs 1, 2, 4, 5, 6, and 11) is found in the plasma membrane and sense lipids, lipoproteins, and proteins. The other groups of TLRs (TLRs 3, 7, 8, and 9) are localized at the endosomal membranes and primarily recognize nucleic acids ([@b45-molce-39-11-777]; [@b49-molce-39-11-777]).

Ligand binding first promotes the dimerization of TLRs, which serves as a platform to recruit two TIR domain-containing adaptor proteins, MyD88 and TRIF. Consequently, transcription of inflammatory cytokines and type I IFNs are initiated through the activation of NF-κB and IRFs by either MyD88-dependent or TRIF-dependent pathways ([@b4-molce-39-11-777]; [@b17-molce-39-11-777]; [@b40-molce-39-11-777]). The association of all TLRs, except TLR3, with MyD88 sequentially stimulates the recruitment IRAK, activates TRAF6 and TAK1, and ultimately activates NF-κB and AP-1 activity through the respective IKK complex and MAP kinases. In contrast to the MyD88 dependent TLR signaling, TRIF is recruited by TLR3 and TLR4 to activate NF-κB by two independent ways: the N-terminal domain of TRIF directly interacts with TRAF6, leading to the activation of NF-κB, whereas the C-terminal domain of TRIF interacts with RIP, causing activation of TAK1 ([@b7-molce-39-11-777]; [@b9-molce-39-11-777]; [@b17-molce-39-11-777]; [@b36-molce-39-11-777]).

TLRs promote inflammatory cytokines and type I IFN signaling in response to viral infection by detecting multiple viral PAMPs. TLR3 senses either the genomic component of double-stranded RNA (dsRNA) viruses or an intermediate of the replication of single-stranded RNA (ssRNA) viruses ([@b31-molce-39-11-777]). TLR7 and TLR8 recognize genomes of ssRNA viruses and TLR9 recognizes genomes of double-stranded DNA (dsDNA) viruses ([@b6-molce-39-11-777]; [@b9-molce-39-11-777]; [@b31-molce-39-11-777]). Hence, it is not surprising that KSHV has learned to manipulate these TLRs-mediated host immune control mechanisms to facilitate its life cycle.

TLR3
----

KSHV stimulates TLR3 gene expression that ultimately induces several cytokines and chemokines, including IFN-β, CCL-2, and CXCL10, during *de novo* infection ([@b40-molce-39-11-777]; [@b67-molce-39-11-777]). However, at later time points of infection, TLR3 expression is reduced, due to inhibition of the TLR3-mediated induction of IFN-responsive promoters by KSHV encoded vIRF (viral interferon regulatory factor)-1, -2, and -3 ([@b32-molce-39-11-777]; [@b67-molce-39-11-777]). Interestingly, among vIRFs, only vIRF1 decreases phosphorylation and nuclear translocation of IRF3 upon TLR3 activation, suggesting that vIRF1 and other vIRFs block TLR3-mediated IFN-β production in different manners ([@b32-molce-39-11-777]). Recently, [@b33-molce-39-11-777] demonstrated that vIRF1 interacts with cellular ISG15 E3 ligase HERC5 and decreases global IS-Glyation in the context of TLR3 activation. Together, these findings suggest that each vIRF may uniquely inhibit the TLR3-mediated antiviral responses.

Other TLRs
----------

Infection of THP-1 monocytes with KSHV leads to the inhibition of both TLR2 and TLR4 signaling by several different viral ORFs including ORF21, ORF31, and RTA. Particularly, the KSHV replication and transcription activator (RTA) that functions as a major transcription factor and E3 ligase, strongly downregulates TLR2 and TLR4 signaling by causing their degradation ([@b10-molce-39-11-777]). However, the underlying molecular mechanism of RTA-induced TLR degradation is unclear due to the nuclear localization of RTA and cell surface localization of these TLRs. One possible mechanism is that RTA may employ unknown nuclear host factors that mediated TLR degradation via indirect manners. During infection of lymphatic endothelial cells, KSHV expression of viral G-protein coupled receptor (vGPCR) and vIRF1 activates the extracellular signal-regulated kinase (ERK) that in turn suppresses TLRs expression ([@b37-molce-39-11-777]). Remarkably, HIV-1 infected patients harboring TLR4 SNP have higher rates of KSHV-associated MCD compare to other subjects ([@b37-molce-39-11-777]). Agonist specific activation of TLR7 and TLR8 reactivates KSHV from latency ([@b27-molce-39-11-777]). Later, [@b68-molce-39-11-777] reported that induction of IFN-α in KSHV infected human dendritic cells occurs through the stimulation of TLR9-mediated signaling. Taken together, these findings are evidence that KSHV employs various strategies to escape TLR-mediated detection throughout its lifecycle that ultimately allows KSHV to establish viral latency in diverse cell types.

Adaptor molecules: TRIF and MyD88
---------------------------------

Given that TRIF is essential for TLR3 signaling, the RTA-mediated degradation of TRIF blocks the TLR3 signaling pathway, and consequently blocks IFN production ([@b3-molce-39-11-777]; [@b46-molce-39-11-777]). Meanwhile, TRIF enhances KSHV RTA protein expression as a potential regulatory loop ([@b46-molce-39-11-777]). In the other words, the activation of TRIF leads to enhanced RTA protein expression. Subsequently, RTA degrades TRIF and ultimately inhibits the activation of TLR-mediated innate immunity ([@b46-molce-39-11-777]), suggesting that RTA utilizes TRIF to escape the host signaling for their own benefits during their life cycles.

MyD88 is another key adaptor that initiates signal transduction pathways for all human TLRs except TLR3 to produce pro-inflammatory cytokines and type I IFNs ([@b9-molce-39-11-777]; [@b17-molce-39-11-777]; [@b40-molce-39-11-777]). Consistent with the destabilizing role of RTA on TRIF, Zhao et al. recently found that RTA directly interacts with MyD88, leading to the proteasomal degradation of MyD88 and suppression of TLR4-mediated NF-κB activity as well as IFN production ([@b75-molce-39-11-777]). Moreover, MyD88 is downregulated during early stages of *de novo* infection and lytic reactivation. Overall, KSHV RTA is a crucial virulent factor that utilizes multiple strategies to inhibit effective TLR-mediated signaling.

IRAK1
-----

Interleukin-1 receptor-associated kinase (IRAK) is a family of four serine/threonine kinases that associated with the IL-receptor: IRAK-1, IRAK-2, IRAK-M, and IRAK-4. IRAK-1 is composed of an N-terminal death domain that interacts with MyD88 and a central kinase domain ([@b62-molce-39-11-777]). Among them the 18 mature miRNAs identified in the KSHV genome ([@b56-molce-39-11-777]; [@b66-molce-39-11-777]), KSHV miR-K9 and miR-K5 regulate the TLR/IL-1R signaling cascade by suppressing expression of the regulatory factors IRAK-1 and MyD88 ([@b1-molce-39-11-777]). Interestingly, [@b71-molce-39-11-777] reported that constitutive phosphorylation of IRAK-1 in primary effusion lymphoma (PEL) is required for cell survival. This indicates that IRAK-1-mediated TLR signaling is a driving force in PEL growth and thus, IRAK-1 may be a potential therapeutic target for KSHV-associated pathogenesis.

THE NLR SIGNALING PATHWAY
=========================

The NLR family consists of a central nucleotide-binding domain and C-terminal leucine-rich repeats (LRRs). The N-terminal portions of most NLRs harbor protein-protein interaction domains such as the caspase recruitment domain (CARD), pyrin domain (PYD), or baculovirus inhibitor repeats (BIRs) ([@b47-molce-39-11-777]; [@b63-molce-39-11-777]). LRRs are though to play a role in PAMP sensing to allow the N-terminal PYD to bind to the adaptor protein, ASC, via a PYD-PYD interaction. ASC, which also contains a CARD domain, then binds to and activates caspase-1 through a CARD-CARD interaction ([@b23-molce-39-11-777]; [@b63-molce-39-11-777]). Collectively these large multimeric complexes are termed inflammasome. Inflammasome activated caspase-1 is a key effector molecule that cleaves proinflammatory cytokines IL-1β and IL-18, and induces an inflammatory form of cell death called pyroptosis ([@b57-molce-39-11-777]). In contrast to inflammasome formation, NLR members NOD1 and NOD2 induce the activation of IRF3, IRF7, NF-κB, and MAPK signaling pathways through RIP2/RICK binding ([@b16-molce-39-11-777]; [@b43-molce-39-11-777]). Hence, NLR proteins regulate both the IFN and inflammatory pathways.

Remarkably, KSHV ORF63, a viral homolog of cellular NLRP1, contains a LRR and a nucleotide-binding domain (NBD) that are required for oligomerization, but lacks the CARD and PYD effector domains of its cellular counterpart. Thus, ORF63 can directly interact with NLRP1 to block NLRP1-dependent caspase-1 activation, leading to the inhibition of IL-1β and IL-18 processing ([@b28-molce-39-11-777]). Additionally, ORF63 inhibits the NLRP3 inflammasome despite lacking significant similarity to NLRP3 ([@b28-molce-39-11-777]). Overall, KSHV utilizes ORF63 to broadly suppress NLR-mediated signaling during its life cycle.

THE RLR SIGNALING PATHWAY
=========================

RLRs are cytoplasmic RNA helicases that function as viral RNA sensors. Currently, there are three known members of this family: Retinoic acid-inducible gene-I (RIG-I), laboratory of genetics and physiology 2 (LGP2), and melanoma differentiation gene 5 (MDA5) ([@b45-molce-39-11-777]). Both RIG-I and MDA5 have central DExH/D box helicase domains for RNA binding and N-terminal CARDs for coupling downstream signaling adaptors ([@b9-molce-39-11-777]; [@b24-molce-39-11-777]; [@b52-molce-39-11-777]; [@b72-molce-39-11-777]; [@b73-molce-39-11-777]). RIG-I preferentially recognizes short 5′-triphosphates sequence motifs in ssRNA and short dsRNA, while MDA5 recognizes long dsRNA for sensing ([@b34-molce-39-11-777]; [@b45-molce-39-11-777]; [@b54-molce-39-11-777]; [@b54-molce-39-11-777]). After sensing cytosolic viral RNA, RIG-I and MDA5, activate the mitochondrial antiviral signaling protein (MAVS) adaptor molecule. This initiates a signaling cascade to induce proinflammatory cytokines and type I IFN production ([@b22-molce-39-11-777]). A growing body of evidence indicates that RIG-I is also involved in the recognition of DNA viruses, further highlighting the importance of RIG-I as a viral sensor ([@b13-molce-39-11-777]; [@b14-molce-39-11-777]).

To counteract RIG-I signaling, KSHV ORF64, a viral deubiquitinase (DUB), decreases the ubiquitination of RIG-I to reduce RIG-I activation, and subsequently downregulates RIG-I-mediated IFN signaling ([@b30-molce-39-11-777]). Furthermore, depletion of either MAVS or RIG-I increases global transcription of the viral genome upon *de novo* infection of KSHV, suggesting that RIG-I-mediated activation of MAVS inhibits KSHV transcription following primary infection ([@b69-molce-39-11-777]). Thus, the immediate suppression of RIG-I mediated activation of type I IFNs during *de novo* KSHV infection and reactivation might allow them to efficiently evade host antiviral immune responses in order to establish their life cycle.

THE CYTOSOLIC DNA SENSING RECEPTOR SIGNALING PATHWAY
====================================================

Intracellular detection of pathogenic DNA is also critical for initiating host immune responses and eliminating microbial infection. So far, more than ten DNA cytosolic receptors have been identified: DAI, AIM2, RNA polymerase-III, IFI16, STING, LRRFIP1, Ku70, DHX9, DHX36, and cGAS ([@b9-molce-39-11-777]; [@b60-molce-39-11-777]; [@b61-molce-39-11-777]). Currently, three DNA receptors, AIM2, IFI16, and cGAS, have been implicated as major sensors of intracellular DNA, especially during viral infection. Herein, we highlight how KSHV modulates IFI16 and cGAS to activate IFN responses during its life cycle.

IFI16
-----

DNA binding proteins, IFI16 and AIM2 belong to the AIM2-like receptor (ALR) family involved in detecting intracellular DNA. ALR family proteins comprise of a PYRIN domain and a DNA-binding HIN-200 domain ([@b50-molce-39-11-777]). AIM2 was first identified as a receptor for cytosolic DNA, which forms an inflammasome together with the adaptor ASC to activate caspase-1 ([@b18-molce-39-11-777]; [@b21-molce-39-11-777]). Intriguingly, unlike AIM2 that is strictly localized to the cytoplasm, IFI16, an AIM2 related protein, can translocate between the cytoplasm and nucleus. However, at steadystate, IFI16 primarily localizes to the nucleus where IFI16 can bind to and activate IRF3 ([@b41-molce-39-11-777]; [@b50-molce-39-11-777]; [@b65-molce-39-11-777]). IFI16 coordinates a diverse range of immune pathways such as the activation of STING-dependent IFN production as well as inflammasome formation ([@b15-molce-39-11-777]; [@b19-molce-39-11-777]; [@b64-molce-39-11-777]).

During KSHV infection in endothelial cells and B cells, KSHV DNA triggers IFI16 inflammasome assembly and activation of caspase-1 and IL-1β ([@b36-molce-39-11-777]; [@b58-molce-39-11-777]). Furthermore, IFI16 has been shown to be involved in the induction of IFN-β production during KSHV *de novo* infection by targeting the IFI16-STING-IRF3 axis ([@b5-molce-39-11-777]). Very recently, [@b53-molce-39-11-777] demonstrated that IFI16 binds to the lytic gene promoter and acts as a transcriptional repressor to maintain viral latency. Overall, these observations indicate that the efficient maintenance of latency by IFI16 and the activation of the IFI16 inflammasome by latent KSHV could drive KSHV-associated inflammatory cytokine syndromes, like MCD.

cGAS
----

cGAMP synthase (cGAS), the most recently identified cytosolic DNA sensor, generates cGAMP (cyclic guanosine monophosphate-adenosine monophosphate) from ATP and GTP upon recognition of pathogen-derived DNA ([@b42-molce-39-11-777]). The second messenger cGAMP stimulates STING-mediated TBK-1 activation, leading to activation of IRF3. IRF3 then induces the transcriptional activation of IFNs and other cytokines, consequently facilitating host immune responses ([@b2-molce-39-11-777]; [@b26-molce-39-11-777]; [@b60-molce-39-11-777]). Since cGAS has been shown to play a key role in the type I interferon response against DNA viruses, [@b70-molce-39-11-777] recently revealed that KSHV ORF52 binds to DNA and cGAS, leading to the direct inhibition of cGAS enzymatic activity. An additional study showed that KSHV vIRF1 disrupts the TBK1-STING interaction and inhibits the cGAS-STING signaling axis, resulting in the inhibition of IFN-β production. Furthermore, depletion of vIRF1 in the context of KSHV induced high levels of IFN-β induction ([@b44-molce-39-11-777]). Moreover, the short form of KSHV LANA, resulting from internal translation initiation, has also been shown to antagonize cGAS-STING mediated signaling by directly binding to cGAS ([@b74-molce-39-11-777]). Collectively, these clearly reinforce the key immunomodulatory role of cGAS, while providing evidence for KSHV immune evasion tactics for establishing latent and productive viral infection.

CONCLUSION
==========

PRR signaling, resulting from the interaction between PRRs and PAMPs, serves as gateways for the activation of selective genes required for generating innate immune responses. As reviewed here, KSHV has evolved elegant mechanisms to evade detection and destruction by the host innate immune system, especially PRR signaling, to effectively establish their lifecycle ([Fig. 1](#f1-molce-39-11-777){ref-type="fig"}).

While these mounting studies have provided essential information regarding PRRs-mediated immune evasion by KSHV, it has yet to be determined how either KSHV-associated products or virion components stimulate PRRs.

By adding to our growing knowledge of viral immunomodulatory proteins, we gain important insights into not only the diverse aspects of virus-host interactions, but also into the inner workings of host immunity. It is clear that PRR-mediated immune responses are key to coordinating many physiological and pathological processes. Further insights and developments into how viruses thwart PRR signaling will likely yield new approaches to the treatment of infectious and inflammatory diseases including KSHV-associated disorders.
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![KSHV evasion of different recognition receptors signaling. Recognition of KSHV viral components by host pattern recognition receptors (PRR) triggers signaling pathways that induce production of type I IFN and pro-inflammatory cytokines. Following KSHV infection of cells, TLRs utilize MyD88 and TRIF as adaptor molecules to recruit downstream molecules, which eventually culminates in the production of type I IFN and/or pro-inflammatory cytokines. Moreover, KSHV dsDNA accumulates in the cytoplasm and is recognized by cGAS and IFI16. In response to DNA stimulation, STING, an ER protein, relocates to the cytoplasmic punctate structures and subsequently recruits TBK1 and IKKɛ. Alternatively, dsDNA is transcribed into dsRNA polymerase III in a cell-type specific manner and is recognized by RIG-I. RLRs signal through the adaptor protein MAVS located on the mitochondria triggers production of type I IFN together with NF-κB. Inflammasome induction by KSHV infection, either results in the activation of IL-1β and IL-18 or inhibition of its production due to blockage of the NLRP1/3. Red squares indicate KSHV proteins.](molce-39-11-777f1){#f1-molce-39-11-777}
